Hedgehog is a toolkit gene conserved in metazoans. However, its function differs among taxa, and it shows versatile expression patterns in morphogenesis. We analyzed the expression pattern of hedgehog in the indirect development of the hemichordate, Ptychodera flava, during development and regeneration. Pf-Hh showed distinct enteropneust-specific expression at the anterior tip of the larvae, as well as deuterostome-conserved expression in the pharyngeal endoderm. In contrast, the gene is expressed only in the pharyngeal region during anterior regeneration, but not in the anterior tip of the proboscis. These data suggest that anterior regeneration is driven not only by conserved developmental mechanisms, but also by some regeneration-specific mechanism(s).
INTRODUCTION
Hedgehog is a widely conserved gene in metazoan (Adamska et al., 2007) and plays pivotal roles in morphogenesis. For example, it controls metamere formation as a segment polarity gene in arthropods ontogeny (Nüsslein-Volhard and Wieschaus, 1980; Oda et al., 2007; Vargas-Vila et al., 2010) . It has been suggested that this gene is important for regionalization of endoderm derivatives rather than metameric formation in annelids, even though they exhibit metamerism similar to that in arthropods (Kang et al., 2003; Seaver and Kaneshige, 2006; Dray et al., 2010) . Unlike many other bilaterians, vertebrates have more than one hedgehog gene, and their roles in morphogenesis are more diverse (Dangwei and Anderson, 2006) . Hedgehog also acts as major regulator in regeneration, which is another morphogenetic event. In planarians, the best-studied regeneration model, hedgehog is involved in anterior-posterior axis specification during regeneration by antagonizing wnt signals (Rink et al., 2009; Yazawa et al., 2009) . In polychaete annelids, it also functions as a segment polarity gene in the replacement of lost metameres (Niwa et al., 2013) . Thus the gene is essential for animal morphogenesis, but the information on the functional commonalities and differences between embryonic development and regeneration is very limited.
P. flava exhibits both asexual and sexual reproduction. Like planarian with high regeneration capacity, acorn worms are able to reconstruct the entire body from fragments amputated transversely (Rychel and Swalla, 2008; Humphreys et al., 2010) . On the other hand, P. flava shows a typical deuterostome-type development, which is a critical morphogenetic difference between hemichordates and flatworms and annelids. In addition, acorn worms have a definitive larval stage with a long pelagic term, after which they metamorphose into young juveniles that resemble adult worms (Tagawa et al., 1998a) . Moreover, the basic adult body plan is inherited from the larval body and nothing except one of the ciliary bands, the telotroch, is lost during metamorphosis (Agassiz, 1873).
To provide further insights into hedgehog expression and function, this study focused on gene expression patterns between embryonic development and anterior regeneration of Ptychodera flava, with its similar larval and adult morphology. Our results show that hedgehog is the anteriorend marker in hemichordate larva. They also suggest that the regeneration of indirect developing species is not necessarily constrained by the mechanisms of early development.
MATERIALS AND METHODS

Biological materials
Adult worms were collected from areas with shallow sandy bottoms at Paiko, Oahu, Hawaii and Bise and Onna, Okinawa, Japan. Spawning was induced by methods described previously (Tagawa et al., 1998a) . Fertilized eggs were cultured at room temperature. Metamorphosing larvae were collected by plankton towing around offshore of the Sand Islands, Oahu, Hawaii.
Methods of preparing regeneration blastemas were essentially those described by Humphreys et al. (2010) with some modifications. Intact animals were kept in a bare bottom tank to remove sand from the gut before cutting. Posterior pieces were kept in 9 cm Petri dishes that were filled with filtered seawater during regeneration.
Molecular cloning and phylogenetic analysis
The cDNA clone of hedgehog was identified from cDNA libraries (Tagawa et al., 2014 ) using a BLAST search. The clone was analyzed with a 3130xl Genetic Analyzer (ABI) and its sequence was deposited in the DNA Data Bank of Japan (DDBJ) database under the accession number AB971752. The sequence was translated and protein domains identified using HMMER (Eddy, 2011) . The translated sequence was aligned with putative homologous sequences using ClustalW (Larkin et al., 2007) . Maximum likelihood (ML) analysis was performed with RAxML (Stamatakis, 2014) under optimized parameters that were selected with ProtTest (Abascal et al., 2005) . Support for the nodes of the resultant tree was evaluated by bootstrap probabilities calculated from 1000 replicates for ML analyses.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed based on protocols established previously (Lowe et al., 2004; Tagawa et al., 1998b) with some modifications, as described below. Embryos and larvae were treated with 5 μg/ml Proteinase K at 37°C for 30 min after rehydration. Following rehydration, blastema samples were treated with 1% (v/v) hydrogen peroxide for 10 min, rinsed twice in phosphate-buffered saline with 0.1% (v/v) Tween-20 (PBST), then digested with 10 μg/ml Proteinase K at 37°C for 15 min. All samples were washed twice with 0.1 M triethanolamine and treated with 0.25% (v/v) acetic anhydride after being re-fixed in 4% paraformaldehyde.
After RNase A digestion, samples were washed 3x for 5 min at 37°C in 2x SSC with 0.1% (v/v) Tween-20, twice for 20 min at 45°C in each of 1x, 0.2x SSC with 0.1% (v/v) Tween-20. Following nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate chromatic reactions, samples were rinsed twice in PBST with 1 mM EDTA and incubated overnight at 37°C in PBST. Then they were washed twice in 30%:70% ethanol:PBST for over 30 min and rinsed twice in PBST.
RESULTS
The clone identified from the EST libraries encoded a predicted open reading frame with 410 amino acids. The predicted sequence contains a Hedge domain in the N terminal region and a Hint (Hog/INTein) domain in the C terminal region (Fig. 1A) . The Hint domain also contained conserved glycine-cysteine-phenylalanine (GCF) motif for the autoproteolytic cleavage, as reported in other animals (Fig. 1A) . These domain structures are seen in general Hedgehog proteins, and there was no P. flava specific struc- ture. The molecular phylogenetic analysis of these domains showed that P. flava hedgehog (Pf-Hh) is categorized in the Ambulacraria clade without affecting the topology of the phylogenetic tree (Fig. 1B, data not shown) .
Expression of Pf-Hh became evident as development proceeded ( Fig. 2A-G' ). Its expression signal was not detected in fertilized eggs through early and mid gastrula stages ( Fig. 2A-C) . Pf-Hh expression was local in apical ectoderm at late gastrula stage (Fig. 2D, arrowhead) . The expression signal became stronger in the 3-day tornaria larvae (Fig. 2E, arrowhead) . In addition to ectodermal expression, a new expression domain was observed at the pharynx derived from endoderm and the adjacent alimentary canal (Fig. 2E, arrow) . The latter expression disappeared in 7-day tornaria larvae, but expressions at the apical plate and pharynx were maintained (Fig. 2F, arrow and arrowhead) . The apical expression of the gene was maintained during metamorphosis (Fig. 2G, G' ).
The expression pattern during anterior regeneration from the posterior fragment of the body was different from that of embryogenesis (Fig. 3A-F) . In regenerates examined after three days post amputation (3 dpa), Pf-Hh was not expressed at the tip of the proboscis, which corresponds to the larval apical tip (Fig. 3A-F) . It was not expressed in the non-regenerating digestive tube, which is located right next to the basal region of the blastema and is derived from posterior trunk. In addition, there was no expression detected in the compartment that forms the border between regenerated pharynx and non-regenerating regions. On the other hand, after 7 dpa when the blastemas became enlarged and the mouths opened, expression was observed at the basal side of the blastemas (Fig. 3E, arrow) . This expression was maintained in the later stages of regeneration (data not shown).
DISCUSSION
The expression pattern of Pf-Hh in early development is comparable to that reported in deuterostomes such as amphioxus and sea urchins. Their hedgehog expression was detected in the tip of the archenteron and pharyngeal regions derived from endoderm after the mouth opened in these larvae (Shimeld, 1999; Hara and Katow, 2005) .
It is difficult, however, to interpret the relatedness of the expression pattern in another species of hemichordate. In the direct-developing hemichordate, Saccoglossus kowalevskii, which shows different mode of development from P. flava, hedgehog expression starts at the gastrula stage in the anterior end of proboscis ectoderm, endodermal digestive tube, and in the proboscis-collar boundary ectoderm (Pani et al., 2012) . The posterior expression of Sk-Hh in the boundary ectoderm and gut disappears and becomes weak respectively, as development proceeds, while only the most anterior expression remains strong in young juveniles (Lowe et al., 2006) . The expression in apical ectoderm in the gastrula is common to both species of hemichordates. Anterior expression at the proboscis of the juvenile worm corresponds to the expression at the proboscis tip of metamorphosing P. flava larvae. Hence expression in this region can be regarded as conserved among enteropneust hemichordates. The broad expression of hedgehog in the digestive tract of S. kowalevskii correlates with the expression of PfHh in the pharynx and contiguous digestive tract in young larvae. On the other hand, expression at the proboscis-collar boundary ectoderm in gastrulae and the weak expression in the anterior digestive tract of S. kowalevskii are considered specific to this lineage.
The expression pattern of hedgehog (Rc-Hh) beginning during the young juvenile stage is reported in the pterobranch, Rhabdopleura compacta, which belongs to another class of hemichordates (Sato et al., 2009) . Rc-Hh is expressed in the pharynx of young juveniles, especially strongly on the dorsal side, and it continues to be expressed in adults. This expression pattern is similar to that of larvae of indirect developing enteropneusts, including P. flava. However, Rc-Hh is not expressed in the anterior end of the cephalic shield, which is thought to be homologous to the proboscis of acorn worms. The phylogenetic relationships between enteropneusts and pterobranchs remain to be discussed (Caron et al., 2013; Cannon et al., 2013) . In order to integrate our results, we expect that hedgehog expression during early development in pterobranchs is to be analyzed in the near future.
Hedgehog expression during regeneration in P. flava is quite different from its expression in other animals. Anteriorend expression during early development is not detected during anterior regeneration, and this suggests that hedgehog does not antagonize posteriorizing wnt signals, as in planarians (Rink et al., 2009; Yazawa et al., 2009; Darras et al., 2011) . In P. flava, a metamere-like structure forms at the blastema-trunk boundary, as the proboscis and collar regenerate, but hedgehog expression is not detected in this region. Therefore there is a small probability that PfHh plays roles as a segmentation factor, as seen in the development of various protostomes.
The expression pattern of Pf-Hh during regeneration is definitively different from that during embryonic development, which is compatible with expression patterns observed in other animals. In the relatively closely related indirect developer, Balanoglossus simodensis, hedgehog expression at the tip of proboscis disappears in the adult (Miyamoto and Wada, 2013) . Apical tip expression in P. flava larvae and the metamorphosing stage is presumed to disappear after the morphology of the proboscis is transformed from the larval type to the adult type, as in the case of B. simodensis. Accordingly the fact that Pf-Hh is not expressed in the regenerating blastema and regenerating proboscis suggests that anterior regeneration is not based on the mechanisms of normal indirect development but some other mechanisms to directly re-grow an adult proboscis. On the other hand, the expression of hedgehog in the pharynx is maintained after the late larval stage and during regeneration. The brachyury gene is expressed in the mouth of embryos and larvae in P. flava (Tagawa et al., 1998b) . However, it is not expressed in the mouth region of the later stages such as young juveniles and regenerates (data not shown). We have also examined another such gene, goosecoid, which is expressed in the mouth region of larvae. Our preliminary data show that it is expressed in the mouth region of regenerates differently from brachyury (data not shown). These data suggest that some of the genes involved in early development may be conserved in regeneration of the mouth region, unlike the proboscis regeneration.
Interspecific differences and similarities in hedgehog expression patterns in hemichordates as well as the differences and similarities between regeneration and embryonic development imply that each developmental element can be interchangeable with minor modifications. In order to verify that such a minor modification may contribute to regeneration-specific morphogenetic mechanisms, it is necessary to demonstrate the difference between regeneration and development in a wider range of animals.
